2؉ is now shown to weaken binding between ferritin and mitochondrial aconitase messenger RNA noncoding regulatory structures ((iron-responsive element) (IRE)-RNAs) and the regulatory proteins (IRPs), which adds a direct role of iron to regulation that can complement the well known regulatory protein modification and degradative pathways related to iron-induced mRNA translation. We observe that the Iron (e.g. ferrous sulfate, ferric citrate, and hemin) added to animal cells changes translation rates of messenger RNAs encoding proteins of iron traffic and oxidative metabolism (1-4). To cross cell membranes, iron ions are transported by membrane proteins such as DMT1 or carried on proteins such as transferrin. Inside the cells, iron is mainly in heme, FeS clusters, non-heme iron cofactors of proteins, and iron oxide minerals coated by protein nanocages (ferritins). Iron in transit is thought to be Fe 2ϩ in labile "pools" accessible to small molecular weight chelators, and/or bound loosely by chaperones.
Iron (e.g. ferrous sulfate, ferric citrate, and hemin) added to animal cells changes translation rates of messenger RNAs encoding proteins of iron traffic and oxidative metabolism (1) (2) (3) (4) . To cross cell membranes, iron ions are transported by membrane proteins such as DMT1 or carried on proteins such as transferrin. Inside the cells, iron is mainly in heme, FeS clusters, non-heme iron cofactors of proteins, and iron oxide minerals coated by protein nanocages (ferritins). Iron in transit is thought to be Fe 2ϩ in labile "pools" accessible to small molecular weight chelators, and/or bound loosely by chaperones.
When iron concentrations in the cells increase, a group of mRNAs with three-dimensional, noncoding structures in the 5Ј-untranslated region (UTR) 3 are derepressed (Fig. 1A) , i.e. the fraction of the mRNAs in mRNA⅐repressor protein complexes, which inhibit ribosome binding, decreases and the fraction of the mRNAs in polyribosomes increases (5) (6) (7) . The three-dimensional, noncoding mRNA structure, representing a family of related structures, is called the iron-responsive element, or IRE, and the repressors are called iron regulatory proteins (IRPs). Together they are one of the most extensively studied eukaryotic messenger RNA regulatory systems (1) (2) (3) (4) . In addition to large numbers of cell studies, structures of IRE-RNAs are known from solution NMR (8 -12) , and the RNA⅐protein complex from x-ray crystallography (13) . Recent data indicate that demetallation of IRP1 and disruption of the [4Fe-4S] cluster that inhibits IRP1 binding to RNA will be enhanced by phosphorylation and low iron concentrations (1, 2, 14 -16) . Such results can explain the increased IRP1 binding to IRE-mRNAs and increased translational repression when iron concentrations are abnormally low. However, the mechanism to explain dissociation of IRE-RNA⅐IRP complexes, thereby allowing ribosome assembly and increased proteosomal degradation of IRPs (1, 2, 14, 15) (Fig. 1A) , when high iron concentrations are abnormally high, is currently unknown.
Metal ion binding changes conformation and function of most RNA classes, e.g. rRNA (17) , tRNA (18, 19) , ribozymes (20 -23) , riboswitches (24, 25) , possibly hammerhead mRNAs in mammals (26) , and proteins. Although the effects of metal ion binding on eukaryotic mRNAs have not been extensively studied, Mg 2ϩ is known to cause changes in conformation, shown by changes in radical cleavage sites of IRE-RNA with 1,10-phenanthrolene-iron and proton shifts in the one-dimensional NMR spectrum (12, 27) . The Mg 2ϩ effects are observed at low magnesium concentrations (0.1-0.5 mM) and low molar stoichiometries (1:1 and 2:1 ϭ Mg:RNA).
We hypothesized that Fe 2ϩ could directly change the binding of the IRE-mRNA to the iron regulatory protein for several reasons. First, other metal ions influence the IRE-RNA structure (12, 27) . Second, in IRE-RNA/IRP cocrystals there are exposed RNA sites in the IRE-RNA/IRP complex that are accessible for interactions (13) (Fig. 1B) 
EXPERIMENTAL PROCEDURES

Preparation of Binding Proteins and RNA
Isolation of recombinant rabbit IRP1 from yeast used previously described methods (29) . RNA oligonucleotides for frog ferritin H, frog ferritin H ⌬U 6 , and mt-aconitase (30, 29 , and 29 nucleotides, respectively) were purchased from Genelink (Hawthorne, NY). The frog H (FerH) IRE-RNA was used as a model because of extensive structural information, e.g. "footprinting," solution NMR, x-ray diffraction of cocrystals with IRP, and direct comparisons between natural, poly(A), 5Ј-UTR-IRE mRNA, with full-length transcripts and RNA aptamers (28, 30) . After dissolving in 40 mM HEPES/KOH, pH 7.2, RNA was melted and annealed as described (31) , by heating to 85°C for 15 min with slow cooling to 25°C. Melting and annealing decreased the K d by ϳ5-fold for the ferritin-IRE-RNA but had little effect on the mt-aconitase IRE-RNA.
Analysis of Fluorescence Data
Protein fluorescence intensities (332 nm (280 nm excitation)) were corrected for dilution, as needed, and for inner filter effects; maximum dilutions were Ͻ7%. Nonlinear least squares fitting of the data used KaleidaGraph software (version 2. Gels-Solutions of RNA and protein Ϯ Fe 2ϩ -O 2 were prepared as in the solution studies. Free and bound RNA was resolved by electrophoresis (EMSA) in 1% agarose gels followed by staining with ethidium bromide. The RNA concentrations were 0.1 M and protein concentrations varied from 0 to 2.0 M.
RESULTS
Ferrous Ions (-O 2 ) Weaken Ferritin and mt-Aconitase IRE-RNA⅐IRP Repressor
Complexes-We selected two IRE-mRNAs to study, ferritin and mt-aconitase, because iron induces the synthesis of both proteins in whole animals and cells and because the iron responses are different: iron induces ferritin synthesis in the liver more than ϳ150-fold and in mt-aconitase ϳ4-fold (32). The two IRE-RNA structures are different ( Fig. 2) as is the binding of IRP2 and IRP1 in the electrophoretic mobility shift assay (31) . When the K d for IRP1 binding to the two IRE-RNAs was determined by protein fluorescence quenching, the values differed 10-fold (Figs. 2 and 3). Fe 2ϩ , 5 M, increased the K d for ferritin IRE-RNA 6-fold and mt-aconitase RNA 2-fold ( Fig. 3A) , showing that Fe 2ϩ weakens IRE-RNA/IRP1 binding and suggesting that excess cellular Fe 2ϩ can derepress, i.e. facilitate formation of repressor-free, IRE-mRNA. Stabilities of IRE-RNA⅐IRP1 complexes were decreased 17-and 6-fold for ferritin and mt-aconitase IRE-RNA⅐IRP complexes, respectively, at 50 M Fe 2ϩ . Thus, Fe 2ϩ , as well as the IRP1 repressor itself, recognize differences in IRE-RNA structure. The result is that Fe 2ϩ weakens the RNA/protein repressor interaction differentially for the IRE-mRNAs that regulate ferritin and mt-aconitase synthesis.
When we analyzed IRE-RNA/IRP1 interactions by fluorescence quenching, the titration used a constant protein concentration (0.1 M) for the ferritin IRE-RNA, additional data were collected with 0.05 M protein; RNA varied from 0 to 1.0 M. To evaluate the possible effect of using a constant RNA concentration and titrating with variable protein concentrations, and to obtain data from electrophoretic mobility shift gel electrophoresis as in earlier studies of the IRE-RNA⅐protein complexes (31, 33, 34) (Fig. 3B) . Differences between ferritin and mt-aconitase RNAs in the gels are observed most readily by comparing the unshifted RNA bands (see Fig. 3 ). Changing the order of addition of RNA and protein to the reaction mixture had no effect. The direct effects of Fe 2ϩ observed by the stability of the RNA⅐protein complex (Fig. 3 ) complement the indirect effects of cellular iron, as previously observed, on the RNA/protein binding that is mediated by protein degradation and, for IRP1, changes in [4Fe-4S] assembly (1, 2, 15) .
Magnesium and Manganese Weaken Ferritin and mt-Aconitase IRE-RNA⅐IRP Repressor Complexes-Mn
2ϩ is chemically similar to Fe 2ϩ but can be studied in air (22) . Mn 2ϩ also weakens IRE-RNA/IRP1 interactions, with differential effects for the two IRE-RNAs as well. For example, for 50 M ferritin IRE-RNA, IRP1 binding was weakened 8-fold by Mn 2ϩ and 17-fold by Fe 2ϩ . For the mt-aconitase IRE-RNA⅐IRP1 complex, the effects of Fe 2ϩ and Mn 2ϩ were identical (Fig. 3A) , and smaller than for the ferritin IRE-RNA⅐IRP complex.
Mg 2ϩ was studied because of the direct metal interactions observed with ferritin IRE-RNA by NMR spectroscopy (11) and because Mg 2ϩ influences the structure/function of many classes of RNA (e.g. Refs. 17 and 26). Only when Mg 2ϩ concentrations are 100 times higher than Mn 2ϩ or Fe 2ϩ was comparable weakening of the IRE-RNA⅐IRP complexes observed (Fig. 3A) . The metal selectivity and RNA selectivity for altering IRE-RNA⅐IRP stability raises the possibility that metal ions played a selective role in the evolution of IRE-RNA⅐IRP complexes or the possibility that metal ions besides iron contribute to regulation of in vivo 5Ј-UTR IRE-RNA/ IRP interactions.
Divalent Metal Ions Bound to IRE-RNA but Not IRP1-There is no evidence that metal ions bind to IRP1, except for the FeS cluster added to the apoIRP1 that yields c-aconitase. Furthermore, there are no obvious, additional, predicted metal binding sequences in the primary sequence of IRP1 (14) . On the other hand there is evidence that metals bind to IRE-RNA from solution NMR and metal nuclease cleavage (27, 28, 35) . To obtain more direct evidence that the effect of metal ions on the stability of the IRE-RNA⅐protein complexes reflects metal ions bound to IRE-RNA and not to the IRP repressor, we examined the effect of metal ions on the FIGURE 2. IRP1 preferentially binds to the ferritin (Fer H IRE-RNA) compared with mt-aconitase IRE-RNA, with nM affinity. IRE-RNA (30 nucleotides long) was melted and annealed prior to each titration and incubated with IRP1 protein in binding buffer, as previously described (29) (see "Experimental Procedures"). Concentrations were: RNA, 0 -1.0 M; protein, 0.1 M. The same protein concentration was used for all three titrations for comparison purposes in the figure. However, for data fitting, a lower concentration of protein (0.05 M) was used for ferritin RNA titrations in the absence of metal ions. RNA binding to protein was measured as decreased fluorescence intensity with excitation at 280 nm and emission at 332 nm (IRP1 protein) (at 25°C). Data were analyzed as previously described (45, 46) . The data points are the averages of three titrations and the solid lines are the fitted curves.
intrinsic fluorescence of IRP and the fluorescence of ethidium bromide bound to IRE-RNA. We used Mn 2ϩ as a surrogate for Fe 2ϩ to facilitate experiments in air, because the effects on stability of the RNA⅐protein complex are similar to Fe 2ϩ (Fig. 3) . Mn 2ϩ does not bind to IRP1, based on the absence of changes in intrinsic fluorescence (Fig. 4) when manganese is added; Mg 2ϩ does not bind either, using the same analytical approach (Fig. 4) . By contrast, addition of IRE-RNA to IRP1 decreases the intrinsic fluorescence of IRP1 (Fig. 2) .
Mn 2ϩ binds to ferritin IRE-RNA, in experiments using EtBr fluorescence as a reporter (Fig. 4A) . For example, EtBr fluorescence decreases when Mn 2ϩ was added to EtBr and RNA; the K a between EtBr and RNA was 41.6 Ϯ 2.3 ϫ 10 6 liter/mol in the absence of Mn 2ϩ and 18.0 Ϯ 0.6 ϫ 10 6 liter/mol in the presence of Mn 2ϩ ; the decrease in K a is significant (p Ͻ 0.01), and indicates metal binding to RNA. The stoichiometry of EtBr binding to IRE-RNA was 4.8 Ϯ 0.3, and decreases to 2.6 Ϯ 0.1 (Fig. 4) bulge in the helix, we analyzed the ferritin ⌬U 6 mutant IRE-RNA. Ferritin ⌬U 6 IRE-RNA should behave more like mt-aconitase than ferritin IRE-RNA, based on the predicted RNA secondary structure (Fig. 2) and the regions of contact in the IRE-RNA/IRP1 crystal structure (Fig. 1B) . In fact, stability of the ferritin ⌬U 6 IRE-RNA⅐IRP1 complex is between that of the mt-aconitase IRE-RNA⅐IRP complex (3-fold higher) and the ferritin IRE-RNA⅐IRP complex (3-fold lower). Thus, the U 6 bulge in ferritin RNA explains only part of the difference in IRP binding by ferritin and mt-aconitase IRE-RNAs. Mn 2ϩ or Mg 2ϩ had only small effects on the mutant IRE-RNA⅐IRP complex, in contrast to the complexes of wild type IRE⅐RNA with IRP (Fig.  3A) , indicating that in the ferritin ⌬U 6 IRE-RNA⅐IRP1 complex the metal binding sites that influence stability or the RNA conformational change responsible for decreased IRP binding are blocked by deletion of U 6 . Because both ferritin and ferritin ⌬U 6 IRE-RNAs have identical base pairs but differences in IRP1 binding, because ferritin ⌬U 6 and mt-aconitase IRE-RNAs have similar secondary structures around the two IRP1 binding sites of the C 8 bulge and CAGUG loop (Fig. 2) , and because metal effects on the protein⅐RNA complex differ among ferritin, ferritin ⌬U
6
, and mt-aconitase IRE-RNAs, the phylogenetically conserved differences among each IRE-mRNA clearly contribute to the inherent stability and metal responses of the IRE-RNA⅐IRP complexes.
DISCUSSION
The translation of 5Ј-UTR IRE-mRNAs increases when concentrations of environmental iron, such as ferrous salts, ferric chelates, and heme increase as the result of iron-induced changes in the IRE/IRP interactions and by degrading IRP (1-4) . However, the chemical identity of the cellular iron signal targeted to IRE-RNA/IRP interactions is unknown, although insertion of a [4Fe-4S] cluster, after cluster synthesis/transport by ISC protein catalysts and chaperones (36) , influences IRE-RNA/IRP1 interactions. When cellular iron concentrations are high, a larger fraction of each 5Ј-UTR IRE-mRNA is in the polyribosomes (5, 6, 37) . Iron deficiency, by contrast stabilizes IRP concentrations and destabilizes the FeS cluster in IRP1, possibly mediated by IRP phosphorylation, and a smaller fraction of the 5Ј-UTR IRE-mRNAs are in polyribosomes (16) . (A subset of the IRE-mRNA family, mainly involved in iron absorption and transport, regulates mRNA turnover with the mRNA stabilized by IRP binding. The 3Ј-UTR IRE-RNAs have specific structural features that place them outside the scope of this study.) IRE-RNA⅐IRP complexes occur in the cytoplasm, but whether the RNA⅐protein complex forms during IRE-mRNA processing in the nucleus, or during transport to the cytoplasm for mRNA storage or use remains unknown. The effect of Fe 2ϩ on the stability of the 5Ј-UTR IRE-RNA⅐IRP complexes reported here indicates that the complex can sense increases in concentrations of aquated Fe 2ϩ that result in weaker RNA/protein interactions.
Destabilization of the IRE-RNA⅐IRP complex by Fe 2ϩ competes with the stabilization conferred by the very large number of bonds between the protein and the RNA complex in crystals (13) ; no IRE-RNA/IRP or IRE-RNA crystals have been obtained with metals to date (38) . In the IRE-RNA⅐IRP complex, protein-RNA bonds are clustered at the RNA C 8 bulge and the CAGUG terminal loop of the IRE-RNA structure (13) . A number of RNA-protein bonds involve RNA sites that are hypersensitive to cleavage by Fe 2ϩ -EDTA/ascorbate/H 2 O 2 (28), suggesting specific interactions with Fe 2ϩ -EDTA or solvent or both. The observed destabilization of the IRE-RNA⅐IRP complex is most likely explained by metal binding to exposed sites on the IRE-RNA (Fig. 1B) , for several reasons. First, metal ions did not bind to the IRP1 in the current study. Second, there are no predicted metal binding sites in the IRP protein (14) beyond cysteine/[Fe-S] interactions. Third, in this study, metal ions decrease conformation-sensitive EtBr binding to RNA. Finally metal binding to IRE-RNA has been detected by NMR spectroscopy and metallonuclease cleavage (12, 27, 35) .
Structural differences between ferritin and mt-aconitase IRE-RNAs are reflected in the stability differences of the RNA⅐protein complexes observed here, because the same IRP is present in both complexes and only the RNA is different. IRE-RNA structural differences then, explain, at least in part, the 30-fold difference in iron-induced synthesis in vivo for the two proteins and differences in IRP1 and IRP2 binding in vitro (31, 32) . Because ferritin is an ancient IRE-RNA and mt-aconitase evolved more recently (39) , the lower stability of the mt-aconitase IRE-RNA⅐protein complex and the smaller iron response may reflect the shorter time for evolutionary fine-tuning of the IRE-mRNA. However, the different iron responses of the two IRE-RNAs could also reflect the physiological function of each encoded protein. For example, large fluctuations in mt-aconitase synthesis could be deleterious to cell oxidative metabolism, which would explain the relatively small changes in synthesis induced by iron. By contrast large changes in ferritin synthesis allow cells to respond to large changes in iron and oxygen stress through ferritin mRNA translation (more sensitive to iron signals) as well as ferritin DNA transcription (more sensitive to oxidant signals) (40, 41) . Fe 2ϩ , Mn 2ϩ , and 100ϫ Mg 2ϩ destabilize wild type IRE-RNA⅐IRP complexes, but the IRE-RNA mutation greatly reduced the metal ion effects; a single nucleotide deletion that eliminated the ferritin-selective IRE-RNA U 6 bulge also greatly reduced the metal ion effects and weakened IRP binding. Thus, the genetic selective forces acting upon each IRE-mRNA appear to be extremely high. Moreover, the phylogenetic conservation of each IRE-RNA structure is extremely high (Ͼ90%) and includes variations among wild type IRE-RNA structures such as the initiator AUG in the mt-aconitase IRE-RNA, and base pairing flanking sequences around the ferritin-IRE RNAs of vertebrates (27, 28, 39, 42) . The family of IRE-RNA structures with selective recognition by IRP 1 and 2 (29, 31, 43) 
